The adenylyl and guanylyl cyclases catalyze the formation of 3,5-cyclic adenosine or guanosine monophosphate from the corresponding nucleoside 5-triphosphate. The guanylyl cyclases, the mammalian adenylyl cyclases, and their microbial homologues function as pairs of homologous catalytic domains. The crystal structure of the rat type II adenylyl cyclase C 2 catalytic domain was used to model by homology a mammalian adenylyl cyclase C 1 -C 2 domain pair, a homodimeric adenylyl cyclase of Dictyostelium discoideum, a heterodimeric soluble guanylyl cyclase, and a homodimeric membrane guanylyl cyclase. Adenylyl cyclases (ACs) catalyze the formation of the prototypical second messenger, cAMP, from ATP. In mammals, AC isoforms types I-IX (AC1-AC9) are among the key effectors of hormones that bind seven-transmembrane receptors (1-4). In fungi and bacteria, the ACs function in development and in metabolic regulation, respectively (3). The guanylyl cyclases (GCs) catalyze the formation of cGMP from GTP. Soluble GC (sGC) is the key effector of nitric oxide, and membrane GCs serve in atrial natriuretic peptide (ANP) signaling and in phototransduction (5). The central importance of these enzymes in so many biological processes has led to intense interest in their catalytic mechanism.
Adenylyl cyclases (ACs) catalyze the formation of the prototypical second messenger, cAMP, from ATP. In mammals, AC isoforms types I-IX (AC1-AC9) are among the key effectors of hormones that bind seven-transmembrane receptors (1) (2) (3) (4) . In fungi and bacteria, the ACs function in development and in metabolic regulation, respectively (3) . The guanylyl cyclases (GCs) catalyze the formation of cGMP from GTP. Soluble GC (sGC) is the key effector of nitric oxide, and membrane GCs serve in atrial natriuretic peptide (ANP) signaling and in phototransduction (5) . The central importance of these enzymes in so many biological processes has led to intense interest in their catalytic mechanism.
The enzymatic activities of the eukaryotic ACs, other homologous ACs, and the GCs are conferred by homologous catalytic domains (refs. 1-8; Fig. 1 ). Mammalian ACs contain two copies, designated C 1 and C 2 , which are Ϸ35% identical to each other (1) (2) (3) (4) 9) . Recombinant C 1 and C 2 form an active heterodimeric enzyme when mixed and stimulated by forskolin (7, 8) . The isolated C 1 homodimer is inactive, whereas the C 2 homodimer has trace activity (7, 8, 10) . The class III bacterial and most of the fungal and parasite ACs contain one catalytic domain per polypeptide chain (3) . Transmembrane GCs also contain a single cyclase catalytic domain per polypeptide chain and function as homooligomers (11) (12) (13) . sGCs are heterodimers of the ␣ and ␤ subunits (14) , which contain one catalytic domain each. Many cyclases clearly function as domain pairs, and we postulate that this property is general to the superfamily (Fig. 1) .
The ACs and GCs catalyze stereochemically analogous reactions, which proceed with inversion of configuration, presumably by direct in-line attack of the 3Ј hydroxyl on the ␣-phosphate (15) (16) (17) (18) . The (S p )-but not the (R p )-diastereomer of NTP␣S is a substrate, and the reaction requires Mg 2ϩ or Mn 2ϩ (Me 2ϩ ). Me 2ϩ GTP binds to photoreceptor GC as a ␤,␥ chelate with the metal ion coordinated to the pro-R oxygen of the ␤ phosphate (18) . The stereochemical data substantially define the conformation of the bound Mg 2ϩ nucleotide complex. The crystal structure of the homodimer of the C 2 cyclase catalytic domain revealed a wreath-like dimer (19) and an active site located in a deep cleft together with the forskolin binding site. It was not possible to obtain the C 2 homodimer structure in complex with ATP, however. This left key questions open about the enzyme mechanism, which we try to address here.
The C 2 homodimer appears to be a useful template for understanding the larger family of dimeric enzymes because the dimer interface residues are well conserved (Fig. 2) . A model of the AC1 C 1 ͞AC2 C 2 heterodimer was used to predict a region on the AC1 C 1 domain that binds Gs␣ (20) . The modeling has now been extended to four major cyclase groups. In view of the stereochemical constraints on Me 2ϩ NTP binding, unambiguous solutions were found for the docking of substrate. The models are consistent with sequence conservation and mutational data. We confirmed the predicted role of a conserved Asp in Mg 2ϩ binding by characterizing the AC1 mutant D310A.
METHODS
Homology Modeling. Thirty other sequences were aligned with AC2 C 2 (22) using CLUSTALW (23) . This alignment differs from our previous one (19) , in that the ␣1 helix is present in all domains. Homology models of AC1 (9), ACG (24), ret-GC1 (25) , and bovine sGC (26, 27) were constructed by using LOOK 2.0 (Molecular Applications Group) for side-chain rotamer placement and energy minimization. The rat AC2 C 2 domain homodimer (ref. 19 ; 1AB8) was used as the template.
Substrate Docking and Molecular Dynamics. To model the reactive conformation of the ATP, the coordinates of cAMP were minimized without a 3Ј OOP bond restraint after adding one oxygen to the phosphate. The pyrophosphate moiety of ATP was incorporated and energy-minimized with X-PLOR 3.8 (28) by using the parameters of Parkinson et al. (29) . Docking was carried out using O (30) by placing trial Mg 2ϩ ions coordinated by the acidic pairs (AC1 310͞354 or 310͞432). ATP was docked onto AC1 as a ␤,␥ chelate through the (Rp) oxygen of the ␤-phosphate. Four permutations were considered of two potential Mg 2ϩ sites and two possible ⌬-screwsense ␤,␥ chelates related by a 180°rotation
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about the axis between the metal ion and the ␤,␥ ester oxygen. Three out of four models were eliminated because the adenosine moiety either had few or no contacts with the enzyme (two cases) or had steric overlap with protein atoms (one case). Hydrogen bond donor͞acceptor similarities between forskolin and adenosine were used to manually improve the docked conformation. The resulting structure was minimized to convergence to a gradient of less than 1.0 kcal͞Å by using X-PLOR 3.8 and the parameters of Engh and Huber (31) and Parkinson et al. (29) . ATP or GTP was docked into the other homology models as above. Each of the models was subjected to 4,000 steps of molecular dynamics at T ϭ 300 K and minimized subject to restraints based on identified interactions (Table 1) . Distance restraints were implemented as smoothed square-well potentials (28) . Charges were removed from all net charged groups, and a dielectric constant ϭ 20 was used. No disulfide bond restraints were used in refinement.
Stereochemical Quality. The Ramachandran plots for each of the final models were within the acceptable range for low resolution structures (32), with 0-5 outliers per dimer. All other Procheck stereochemical criteria are acceptable (32) . Average packing scores for each dimer range from Ϫ1.9 to Ϫ1.5, as compared with Ϫ0.7 for the C 2 homodimer crystal structure. These are within the range for correctly threaded structures (33) . Individual outliers were inspected manually and did not reveal any uncompensated buried charges.
Site-Directed Mutagenesis. Site-directed mutagenesis was carried out by the PCR from the template pProEX-HAH6-IC1 (8) with primers 5Ј-AGCGGATAACAATTTCACACAGG-3Ј, 5Ј-CCTCTTTGCATCCATCGTGGGC-3Ј (D310S), and 5Ј-CCTCTTTGCAGCATCGTGGGC-3Ј (D310A) by using Taq DNA polymerase (Promega). Secondary reactions were carried on pProEX-HAH6-IC1 with the primer 5Ј-TGTG-GAATTGTGAGCGGATAAC-3Ј and the 0.5-kb products of the first PCR. PCR products were purified from agarose gels with Geneclean (Bio 101). The 0.7-kb products were digested with EcoRI and HindIII, ligated into pProEX-HAH6-IC1 digested with the same enzymes, and sequenced.
Enzyme Kinetics. Mutant proteins were expressed in BL21(DE3) and purified (8) . AC activity was assayed in a 100-l volume for 10 min at 30°C with 1 g each of AC1 C 1 domain and AC2 C 2 domain (8) 
RESULTS
Forskolin Binding Site. The two forskolin binding sites in the C 2 homodimer crystal structure were compared with the homology models. In all of the domains except C 2 , an Asp (354 in AC1 numbering) replaces a Ser (AC2 S942), which donates a hydrogen bond to the 7-acetyl group of forskolin (19, 20) . The S3D replacement destroys a hydrogen bond to forskolin and creates an unfavorable 2.5-Å OOO close contact. This suggests that forskolin does not bind to sites containing the Asp substitution, consistent with a single forskolin binding site on mammalian AC containing the ␤2-␤3 turn of the C 2 domain and ␤5 of the C 1 domain.
Nucleotide and Metal Ion Binding Site. A triad of acidic residues is present on all of the domains except C 2 and the sGC ␤ subunit. In AC1, D354, D310, and E432 (Fig. 3a) are arrayed in an arc from near one end of the cleft to the center. D354 is 4.5 Å and 8.0 Å away from D310 and E432, respectively, and D310 and E432 are 3.9 Å apart. The heterodimeric cyclases contain one of these clusters, whereas the homodimers contain two. The ␤,␥ biphosphate moiety of ATP docked to AC1 is bridged by Mg to D310 and E432 (Figs. 3a, 4a , and 5). R398 from C 1 ␤4 approaches the ␤-phosphate. The ␣-phosphate interacts with R1011. The ribose interacts with the side-chains of T315, D354, and N1007. The adenosine moiety is in the syn conformation.
GTP binds to a single site on the sGC dimer (Figs. 3b and 4b ). The ␣ subunit binds the Mg 2ϩ and triphosphate moieties, whereas the ␤ subunit binds the guanosine moiety. Residues interacting with the ribose, triphosphate, and metal ion are conserved between ACs and GCs, but interactions with the purine ring differ. The guanine O6 accepts a weakly polar hydrogen bond from C␤541 (Fig. 4b) , which replaces AC1 D1000. The O6 may interact, perhaps via a water molecule, with the side-chain of R␤539.
The ATP-bound ACG homodimer differs from the mammalian ACs in that it contains two active sites (Fig. 3c) . The ␥-phosphates of the two ATP molecules approach within 6 Å of each other. The GTP-bound homodimeric photoreceptor retGC-1 has two GTP binding sites (Fig. 3d) . The retGC-1-bound GTP molecules approach within 3 Å of each another in the model, with an apparent interaction between the guanine 2-amino group of one and the ␥-phosphate of the other. This may reflect the presence of the guanine 2-amino or may be an artifact of the modeling.
Kinetics of D310A and D310S. The D310A and D310S mutants of AC1 C 1 domain were expressed at normal levels and purified to homogeneity. The mutant proteins therefore are presumed to be normally folded. The V max for each is 9% that of wild type at 20 mM MgCl 2 in the absence of forskolin stimulation. Mutant activities are increased less than 2-fold in the presence of MnCl 2 , whereas wild type is stimulated almost 25-fold (Fig. 6) . The activity of D310S increases about 2-fold in the presence of 100 M forskolin, as compared with 900-fold activation of wild type (not shown). Both mutants have maximum activity at [Me 2ϩ ] ϭ 20-25 mM, as compared with 2 to 8 mM for wild type (Fig. 6) . Both mutants and wild type exhibit nonlinear kinetics with respect to [Mg 2ϩ ], as does intact AC (37, 38) .
DISCUSSION
Mutational Analysis. The wealth of existing mutational data on ACs and GCs provides stringent tests of the models. The AC1 mutant D354A is inactive (39) , as are its counterparts D893A and ␣D529A in rat GC-A (ref. 11; ␣531 in bovine) and sGC (40) , respectively (Figs. 2 and 4) . Inactivation is not a result of global misfolding. N1025A and R1029A in AC2 reduce activity by 30-to 50-fold (41). These three residues cluster around the reactive 3Ј Tgt, min, and max are target distance d, and allowed deviations from it, dϪ and dϩ. The restraint potential is E (kcal͞mol) ϭ 50⌬ 2 , where hydroxyl and ␣-phosphate in a manner consistent with a plausible catalytic mechanism (Fig. 7) . Two mutants increase K m (ATP) in AC more than 2-fold: K923A and E432A in AC1 (39) . The C 2 domain K923 is in the adenosine binding pocket and is predicted to contact N1 or to stabilize the conformation of the adenine 6-amino group ligand D1000. Its C 1 domain counterpart, K350A, has normal activity. The asymmetric effects of mutating the two Lys residues on K m (ATP) are consistent with their nonequivalent roles in the structure. D310A does not abolish activity as does D354A (39); hence, D310 is unlikely to be an essential catalytic base. The reduction in V max is greater than for the other predicted Me Catalytic domains from membrane GCs, microbial ACs, and ACG contain all the determinants for activity and substrate binding. Therefore, they are predicted to have two catalytic sites per homodimer. This agrees with the cooperativity with respect to GTP seen in the catalytic fragment of GC-A (13). Each ␣4 helix contributes the catalytic Asn and Arg to one active site and a Me 2ϩ -binding Glu to the other (Fig. 3d) . This could partly explain why mutation of this E974 abolishes positive cooperativity in the soluble form of GC-A (43). The AC and GC families can be divided into two fundamentally different subfamilies. Mammalian ACs and sGC have a single active site, whereas ACG and other homodimeric ACs, as well as the membrane GCs, have two.
The forskolin binding site appears to have evolved by ''cannibalizing'' one of the two active sites of an ancestral homodimer. The three rings of forskolin and adenosine have similar combinations of hydrophobic and hydrogen bonding groups. The forskolin O1 hydroxyl donates, but does not accept, hydrogen bonds from the enzyme, as does the adenine 6-amino group. The adenine N7 and forskolin O11 keto are both hydrogen bond acceptors.
Metal Binding Site. Thiophosphate analogue studies (18) and modeling locate one catalytic metal ion per active site. There is kinetic evidence for two Me 2ϩ binding sites, however (37, 38, 44) . The thiophosphate studies do not rule out a second catalytic metal ion bound near D310, T315, D354 (AC1), and the NTP ␣-phosphate, nor are there structural grounds to exclude this possibility. Uranyl ion and ordered solvent sites on the C 2 homodimer (19) -dependent attack of a hydroxyl group on the ␣-phosphate of a (deoxy)NTP. DNA polymerase I and AC both contain within larger folds a ␤␣␤␤␣␤ motif, a ubiquitous supersecondary structure (45, 46) . it is 14.0-16.1 Å in the homodimer models and 16.2-16.8 Å in the heterodimer models after restrained molecular dynamics. The catalytically competent conformation of AC is proposed to be more closed than the C 2 crystal structure by 3-6 Å. The ability of the enzyme the adopt the proper closed conformation may be an important point of regulation.
Substrate Specificity. The adenine 6-amino group interacts with AC1 D1000, which would discriminate against the guanine O6. The GC counterpart of the Asp is Cys (997 in retGC-1), which could form a weak hydrogen bond to the 6-group of either adenine or guanine. This is consistent with the absence of GC activity in ACs but the presence of AC activity in GCs at 10% of the normal GC activity (48) . A conserved Lys (AC1 923) and a Glu͞Arg pair (retGC-1 925 and 995) occupy analogous parts of the binding site (Fig. 4) . RetGC-1 E925 does not contact the purine but appears to position R995. R995 interacts directly or indirectly with the N1 or O6 of the guanine. Mutations occur in the dimer interface outside the pocket that have low activity and little NTP selectivity, suggesting that altering the dimer interfaces disrupts the pocket (49) .
Catalytic Mechanism. The proximity of the AC1 D354 to the ribose 3Ј hydroxyl suggests it is optimally positioned to serve as a catalytic base (Fig. 7) . The essential Asn (AC1 N1007) is directly across from the Asp and within hydrogen bond distance of the 3Ј hydroxyl, suggesting a possible role in stabilizing an oxyanion-like nucleophile. The essential Arg (AC1 R1011) is positioned to stabilize a pentavalent transition state at the ␣-phosphate. The Asn͞Arg pair is analogous to the Gln͞Arg pair in GTPases (50) (51) (52) , as suggested by Tang and coworkers (41) . The build-up of positive charge in the vicinity of the 3Ј hydroxyl might promote binding of inhibitors possessing a negative charge at this position. This might explain in part why 3Ј phosphorylated adenosine derivatives (P-site inhibitors) bind so tightly to AC (53) and why their binding is dramatically impaired by the AC2 N1025A and R1029A mutants (41) .
Several startling insights have emerged from the modeling. First, heterodimeric cyclases have one active site, whereas homodimeric cyclases have two sites within a single cleft. Second, the forskolin binding site in mammalian ACs appears to have evolved from an adenosine binding site. Third, the catalytic center consists of three residues, an Asp from one domain and an Asn and Arg from the other. There are considerable uncertainties in model-built structures such as these. Nevertheless, the modeling accounts for a large body of existing experimental data and successfully predicted D310 to have a key role in the active site of AC1.
